In Brief
Bacterial and host cyclic dinucleotides (cdNs) mediate cytosolic immune responses through the STING pathway. McFarland et al. find that the oxidoreductase RECON acts as a sensor for bacterial cdNs. cdN binding to RECON inhibits its enzymatic activity and promotes a proinflammatory, antibacterial state that is distinct from the antiviral state associated with STING activation.
SUMMARY
Bacterial and host cyclic dinucleotides (cdNs) mediate cytosolic immune responses through the STING signaling pathway, although evidence suggests that alternative pathways exist. We used cdN-conjugated beads to biochemically isolate host receptors for bacterial cdNs, and we identified the oxidoreductase RECON. High-affinity cdN binding inhibited RECON enzyme activity by simultaneously blocking the substrate and cosubstrate sites, as revealed by structural analyses. During bacterial infection of macrophages, RECON antagonized STING activation by acting as a molecular sink for cdNs. Bacterial infection of hepatocytes, which do not express STING, revealed that RECON negatively regulates NF-kB activation. Loss of RECON activity, via genetic ablation or inhibition by cdNs, increased NF-kB activation and reduced bacterial survival, suggesting that cdN inhibition of RECON promotes a proinflammatory, antibacterial state that is distinct from the antiviral state associated with STING activation. Thus, RECON functions as a cytosolic sensor for bacterial cdNs, shaping inflammatory gene activation via its effects on STING and NF-kB.
INTRODUCTION
Host cells have evolved a sophisticated arsenal of germ-line encoded pattern recognition receptors (PRRs) that detect a vast array of microorganisms in distinct tissues and cellular compartments. Cytoplasmic sensors monitor for microbes that gain access to the host cell cytosol following breach of the plasma membrane or intracellular invasion. This sensing is achieved through detection of invariant molecular patterns associated with microorganisms or cell stress responses that indicate the presence of a pathogen. Engagement of a PRR by a microbial product triggers a signal transduction pathway that ultimately shapes cellular function to regain sterility. Many of the cellular changes are mediated through activation of transcription factors, such as nuclear factor kB (NF-kB) and interferon regulatory factors (IRFs) (Iwasaki and Medzhitov, 2010) . Classically, PRR engagement results in recruitment and activation of kinase activity that serves as the driving force of these signaling cascades. For example, retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs), which recognize viral and bacterial RNA species in the cytoplasm, activate the IKK kinase complex and TANK-binding kinase 1 (TBK1), leading to NF-kB and IRF3 activation, respectively (Kawai and Akira, 2008) . The PRR STING (stimulator of interferon genes) mediates nucleic acid sensing by binding cyclic dinucleotides (Burdette et al., 2011) , also resulting in activation of the TBK1-IRF3 signaling axis.
Cyclic dinucleotides (cdNs) have recently emerged as central players in the innate immune response to bacterial and viral infections. Mammals synthesize 2 0 3 0 -cGAMP downstream of cytosolic DNA detection of bacterial and viral origin (Cai et al., 2014) . Bacteria produce c-di-GMP, c-di-AMP, and 3 0 3 0 -cGAMP as second messengers that regulate a variety of bacterial cellular processes (Davies et al., 2012; Kalia et al., 2013) . C-di-GMP regulates motility and biofilm formation, while 3 0 3 0 -cGAMP regulates metal-reducing activity and host colonization in Geobacter and Vibrio cholera, respectively (Davies et al., 2012; Kellenberger et al., 2015; Mills et al., 2011) . C-di-AMP, the only essential cdN, regulates bacterial growth, cell wall homeostasis, and central metabolism (Corrigan and Gr€ undling, 2013; Sureka et al., 2014; Witte et al., 2013) . C-di-AMP is also implicated in STINGdependent type I interferon (IFN) induction during infection with the intracellular pathogens Listeria monocytogenes (Lm), Chlamydia spp., and Mycobacterium tuberculosis (Mtb) (Barker et al., 2013; Burdette et al., 2011; Dey et al., 2015; Rö mling, 2008; Sauer et al., 2011; Woodward et al., 2010; Yang et al., 2014) . Given the widespread conservation and central physiological function of these metabolites, cdNs are likely to play a role in a diverse array of bacterial-host interactions.
Multiple PRRs exist that sense similar nucleic acid species. For example, several cytosolic PRRs, including DDX41, DHX9, DHX36, IFI16, DAI, and cGAS, have been implicated in dsDNA detection, although for some of these receptors, such as IFI16, their ability to bind dsDNA does not necessarily translate into in vivo importance during infection (Cai et al., 2014; Desmet and Ishii, 2012; Gray et al., 2016) . Although PRR activation by cdNs is a relatively recent discovery, our understanding of cdN detection by host cells lags significantly behind other nucleic acid species. STING and DDX41 are the only two known PRRs that bind cdNs, and downstream responses almost exclusively result in the induction of type I IFN. Interestingly, STING-deficient mice do not exhibit altered bacterial burden or survival during infection with cdN-producing bacteria, such as Lm or Mtb (Collins et al., 2015; Sauer et al., 2011) , suggesting that activation of STING does not significantly influence the innate response to infection with these pathogens. However, mice infected with Lm or Mtb producing altered levels of c-di-AMP exhibit profound differences in bacterial loads and survival in an IFN-independent manner, with increased c-di-AMP production correlating with increased host resistance and vice versa (Crimmins et al., 2008; Dey et al., 2015; Yamamoto et al., 2012) . The discordant phenotypes between STING-deficient mice and c-di-AMP production suggests the existence of additional host receptors that engage bacterial cdNs.
In this study, we aimed to identify host proteins that interact with bacterial cdNs. We found that the oxidoreductase, aldoketo reductase family 1, member C13 (AKR1C13), which we refer to as RECON (reductase controlling NF-kB) specifically bound to the bacterial nucleotides c-di-AMP and 3 0 3 0 -cGAMP, but not mammalian 2 0 3 0 -cGAMP. RECON bound c-di-AMP with high affinity, altering STING activation during Lm infection by acting as an intracellular sink for this cdN. In addition, c-di-AMP bound to RECON in the substrate and cosubstrate binding sites, thereby inhibiting its enzyme activity. We found that loss of RECON enzyme activity increased NF-kB activity that resulted in augmented inflammatory gene activation and reduced bacterial survival. Taken together, our data reveal a role for RECON in the shaping of an antibacterial state distinct from the antiviral type I IFN response mediated by the cdN sensing axis comprised of STING and DDX41.
RESULTS

Bacterial Cyclic Dinucleotides Bind and Inhibit the Oxidoreductase RECON
To identify host proteins that interact with bacterial cdNs, we performed pull-downs from lysates of mouse spleen, liver, and lung with c-di-AMP Sepharose ( Figures 1A and S1A ). The oxidoreductase, aldo-keto reductase family 1, member C13 (AKR1C13; protein herein referred to as RECON) was identified by mass spectrometry as the highly abundant protein in c-di-AMP liver pull-downs. Biochemical characterization using purified recombinant protein confirmed that RECON bound to c-di-AMP ( Figures 1B and S1B ). The affinity of this interaction was significantly higher than that observed between c-di-AMP and STING, with RECON binding to c-di-AMP 16 times more tightly. The binding of c-di-AMP by RECON was comparable to the affinity of STING for 2 0 3 0 -cGAMP ( Figure 1C ), consistent with STING specificity for the endogenously produced 2 0 3 0 -cGAMP nucleotide and RECON specificity for exogenously produced bacterial c-di-AMP.
Only the addition of cold c-di-AMP, but not a variety of other cold nucleotides, could interfere with 32 P-c-di-AMP binding to RECON ( Figure 1D ). By competing all of the known cdNs against 32 P-c-di-AMP, we found that RECON also bound 3 0 3 0 -cGAMP, but not c-di-GMP or host-derived 2 0 3 0 -cGAMP, whereas all cold cdNs competed off 32 P-c-di-AMP from STING ( Figure 1E ).
Therefore, RECON specifically binds to bacterial cdNs and not the host-derived 2 0 3 0 -cGAMP. RECON exhibits both dehydrogenase and reductase activity and can turn over a broad spectrum of substrates (Endo et al., 2007; Ikeda et al., 1999) . We found that in the presence of c-di-AMP RECON's enzyme activity was completely inhibited (Figures 1F and S1C) . Consistent with our nucleotide binding studies, bacterial-derived 3 0 3 0 -cGAMP, but not host-derived 2 0 3 0 -cGAMP, also inhibited RECON activity ( Figure 1G ). Both c-di-AMP and 3 0 3 0 -cGAMP inhibited RECON activity by 50% at concentrations near 300 nM, even in the presence of 200 mM NADPH.
Binding Mode of c-di-AMP in RECON
We determined the crystal structure of the c-di-AMP RECON complex at 1.5 Å resolution. The atomic model had good agreement with the crystallographic data and the expected bond lengths, bond angles, and other geometric parameters (Table S1 ). RECON adopts the TIM barrel fold with eight parallel b strands (b1-b8) surrounded by eight crossover a-helixes (a1-a8) ( Figure 2A ) common to aldo-keto reductase superfamily members (Jez et al., 1997) . RECON also has a two-stranded anti-parallel b sheet (B1 and B2) that caps the N-terminal end of the central barrel and two additional helixes H1 (inserted between b7 and a7) and H2 (after a8) located on the side of the structure (Figure 2A ). The active site of the enzyme is located at the top of the structure, near the C-terminal end of the central barrel, and several large loops (loops A, B, and C and loop b1a1) form the NAD + and substrate binding sites ( Figure 2B ).
Although the structure of the c-di-AMP complex exhibits a very small root mean square (rms) distance of 0.3 Å among equivalent Ca atoms in the NAD + complex (PDB: 3LN3) (Figure 2B) , important differences between the two structures exist in the active site. Clear electron density was observed for c-di-AMP based on the crystallographic analysis at 1.5 Å resolution ( Figure 2C ). The compound is an extended conformation, where the two adenine bases adopt anti-conformations in nearly the same plane as the phosphodiester ring. The c-di-AMP binding site is in a deep crevice at the top of the central barrel (Figures 2A  and 2D ). One AMP molecule (AMP1) of c-di-AMP has essentially the same position as the AMP portion of the NAD + cosubstrate, while the other AMP (AMP2) has small overlap with the nicotinamide ring ( Figure 2E ) and is positioned mostly in the substrate-binding site ( Figure 2B ) (Couture et al., 2003) . The N6 and N7 atoms of the AMP1 adenine base are recognized by hydrogen-bonding to the side chain of Asn280 (helix a8), and N6 also interacts with the side chain of Glu279 (a8) ( Figure 2F ). The adenine base is flanked by the side chain of Glu276 (a8) on one face and those of Leu219 (loop B) and Ala253 (a7) on the other. The phosphate group of AMP1 hydrogen-bonds with the main-chain amides of Leu219 and Thr221 (loop B). The adenine base of AMP2 is p-stacked with the side chain of Tyr24 (b1a1 loop) on one face and is flanked by the side chains of Tyr216 (b7) and Leu306 (loop C) on the other ( Figure 2F ). This base is pointed toward the catalytic tetrad of the enzyme, composed of Asp50, Tyr55, Lys84, and His117. The 2 0 hydroxyl of the ribose is hydrogen bonded to the main-chain amide of Gly217 (loop B). Several water molecules are in and near the c-di-AMP binding site, including one which mediates hydrogen-bonding interactions between the N1 atom of AMP2 and the catalytic Tyr55 and His117 residues ( Figure 2F ).
Compared to the structure of the NAD + complex, most residues in the AMP1 binding site assume the same conformation ( Figure 2G ). In contrast, substantial conformational differences are observed for residues in the AMP2 binding site ( Figure 2H ). infection of macrophages ( Figure S2A ) (Burdette et al., 2011; Sauer et al., 2011; Woodward et al., 2010) . We measured the expression of IFN-b (gene Ifnb1) 4 hr post-infection (hpi) in immortalized bone-marrow-derived macrophages (iBMDMs) that overexpressed Akr1c13 (oe-Akr1c13), had reduced levels of Akr1c13 expression via RNAi using a short hairpin RNA (sh-Akr1c13), or were transduced with control scrambled short hairpin RNA (sh-Control) and observed an inverse correlation with Akr1c13 expression, whereby high amounts of Ifnb1 transcripts correlated with low amounts of Akr1c13 transcripts and vice versa (Figures 3A, 3B, and S2B) . Given that RECON binds c-di-AMP with higher affinity than STING, these observations suggest that RECON antagonizes STING activation by decreasing the bioavailability of c-di-AMP during infection. We ran a focused TaqMan mouse immune panel on sh-Control, sh-Akr1c13, and oe-Akr1c13 iBMDMs infected with Lm for 4 hr. Ccl5, Cxcl10, Cxcl11, Il1b, and Nos2 were all induced during Lm infection, and similar to Ifnb1, there was a strong inverse correlation between their expression and Akr1c13 levels (Figure 3C ). Thus, loss of RECON is associated with increased inflammatory gene expression. Clc5 (RANTES), Cxcl10 (IP-10), and Cxcl11 (I-TAC) are potent chemoattractants for activated T cells, IL-1b is a proinflammatory cytokine that activates innate and adaptive cellular responses, while Nos2 encodes for inducible nitric oxide synthase (iNOS) (Jacobs and Ignarro, 2003; Murphy et al., 2000) . Akr1c13 expression itself was not significantly altered during infection, therefore transcriptional regulation of Akr1c13 does not appear to be involved in the response to Lm in iBMDMs ( Figure S2C ).
The RECON-dependent expression of Nos2 was of interest, considering the important role of nitric oxide (NO) in host defense against pathogenic bacteria (Fang, 1997) . The effect of RECON on Nos2 transcription resulted in differences in NO production, as measured by Griess assay ( Figures 3D and 3E ). Since feedback from IFN-b is known to enhance induction of Toll-like receptor (TLR)-stimulated genes, including iNOS (Jacobs and Ignarro, 2003) , we also examined inflammatory gene expression during Lm infection in the presence of an IFNAR1 blocking antibody ( Figures 3F and S2D ) and following treatment with the TLR2 ligand Pam 3 CSK 4 or NOD1 ligand Tri-DAP ( Figures 3G, 3H , and S2E). In all cases, we observed that loss of RECON augmented Nos2 expression, even when Ifnb1 expression was similar across the cell lines. Therefore, RECON affects expression of Nos2 and other inflammatory genes through a STING-and IFN-independent pathway. See also Cxcl10, Cxcl11, and Ifnb1 that was almost entirely STING dependent ( Figure 4A ). We assessed the effect of RECON on the direct ability of cdNs to activate the STING-dependent genes in macrophages. Our biochemical data demonstrated that RECON only binds to bacterial cdNs, c-di-AMP and 3 0 3 0 -cGAMP, and not the host-derived 2 0 3 0 -cGAMP ( Figure 1E ). We did not observe a significant difference between the effects of c-di-AMP and 2 0 3 0 -cGAMP in sh-Control iBMDMs. However, oe-Akr1c13 iBMDMs treated with c-di-AMP had a significantly impaired ability to induce Ifnb1, Ccl5, and Cxcl11 compared with 2 0 3 0 -cGAMP ( Figures 4B and 4C ). The opposite trend was observed in the shAkr1c13 iBMDMs, where c-di-AMP elicited increased gene expression over 2 0 3 0 -cGAMP ( Figure 4D ). These data strengthen a model in which RECON acts as a sink for c-di-AMP and dampens the STING response.
We found that in primary BMDMs infected with Lm, Nos2 expression kinetics significantly differed from Ifnb1 and the chemokines. Early Nos2 induction was MyD88 dependent and STING independent, whereas late expression was partially restored in the MyD88-deficient cells but was stunted in STING-deficient cells ( Figure 4E ). These data are consistent with the idea that IFN feedback promotes Nos2 expression during Lm infection. To study the effect of cdNs on iNOS directly and in the absence of IFN feedback, we co-stimulated primary BMDMs with Pam 3 CSK 4 or Tri-DAP and c-di-AMP. Although c-di-AMP induced an IFN response during co-stimulation with both Pam 3 CSK 4 and Tri-DAP, we only observed increased NO production during co-stimulation with Tri-DAP ( Figure 4F ). There (legend continued on next page) was no measureable nitrite production in cells treated only with cdNs without TLR or NOD ligand. We studied this effect further by repeating the co-stimulation using Sting À/À primary BMDMs, as well as the host-derived 2 0 3 0 -cGAMP. Neither 2 0 3 0 -cGAMP nor c-di-AMP induced an IFN response in STING-deficient cells, as expected; however, in the absence of STING, c-di-AMP, but not 2 0 3 0 -cGAMP, increased NO production during co-stimulation with Tri-DAP (Figures 4G and 4H) . The ability of c-di-AMP, but not 2 0 3 0 -cGAMP, to increase NO in the absence of STING establishes that c-di-AMP can affect antimicrobial responses through other pathways. The synergy of c-di-AMP with NOD1, but not TLR2, stimulation correlates with the in vivo importance of these pathways to host bacterial clearance, whereby NOD1 deficient mice are highly susceptible to Lm infection, while TLR2 deficient mice show equivalent resistance to WT mice (Edelson and Unanue, 2002; Mosa et al., 2009 ).
RECON Is a Negative Regulator of NF-kB Activation
Our investigations in macrophages revealed that RECON augmented Nos2 expression in a STING-and IFN-independent manner. Induction of Nos2 is dependent on NF-kB activation, so we further explored the potential link between RECON and NF-kB. We used the embryonically derived murine hepatocyte cell line, TIB73, because RECON is highly expressed in hepatocytes, and mice with obstructed NF-kB activation specifically in hepatocytes are unable to clear Lm even in the presence of NF-kB-competent immune cells (Lavon et al., 2000) . Additionally, a recent study has shown that primary human and murine hepatocytes do not express STING (Thomsen et al., 2016) ; therefore, the use of this cell type would allow us to study NF-kB activation without complications from IFN feedback.
Using CRISPR/Cas9-based site-directed mutagenesis, we introduced mutations in the Akr1c13 gene in TIB73 hepatocytes. Although there is no commercially available RECON-specific antibody, the resulting clonal Akr1c13 À/À cell line had significantly reduced levels of Akr1c13 mRNA (< 5% of WT), likely due to nonsense-mediated decay, and contained two mutated compound heterozygous alleles (one with a three base pair insertion, one with a single base pair deletion), both of which encoded premature stop codons ( Figures 5A and S3A-S3C ). We also confirmed the absence of STING signaling in this cell line, as we were unable to detect Ifnb1 or Isg15 expression in either WT or Akr1c13 À/À TIB73 hepatocytes infected with Lm. Likewise, supernatants from infected cells elicited no ISRE response compared with supernatants from iBMDMs ( Figure S3D ). Infection of TIB73 hepatocytes with Lm induced expression of Il6, Nos2, Ccl5, and Cxcl11, and similar to the results in macrophages, loss of RECON augmented their expression ( Figures  5B, 5C, and S4A) . Similarly, the expression of these genes in
Akr1c13
À/À hepatocytes was elevated in response to TLR2, TLR4, and NOD1 stimulation. Multiple NF-kB inhibitors (Celastrol, BAY 11-7082, and MG-132) blocked Nos2 expression during Lm infection in both WT and Akr1c13 À/À cells without affecting bacterial replication ( Figures 5D and S4B-S4D) . Consistent with the gene expression data, the activity of an NF-kB luciferase reporter was increased in the absence of RECON following stimulation with bacterial TLR ligands or Lm infection ( Figure 5E ). The absence of RECON did not affect Il6 gene expression or luciferase activation following stimulation with the NF-kB activator TNF-a ( Figures S4E and S4F ). Together, these data demonstrate that loss of RECON augments NF-kB activity and that this effect might only occur alongside detection of other bacterial MAMPs. We next examined the influence of RECON on components of the NF-kB signaling pathway. We observed an increased ratio of nuclear to cytoplasmic p65 NF-kB in Akr1c13 À/À hepatocytes compared to WT cells at 1 hpi as assessed by microscopy, and this translocation was blocked by the addition of an NF-kB inhibitor (Figures 5F, 5G, S4B, and S5A). We observed increased phosphorylation of p65 by western blot in Akr1c13 À/À cells costimulated with Tri-DAP + Pam 3 CSK 4 , which was consistent with the increased nuclear localization we observed by microscopy ( Figure 5H ). Additionally, the peak of p65 phosphorylation occurred earlier in the absence of RECON (20 versus 40 min). Blots for the inhibitory protein IkBa revealed that after transient degradation (between 20-40 min), its abundance increased over basal levels in WT cells (60-120 min), while it did not rise above the basal state in Akr1c13 À/À cells, indicating that the loss of RECON promoted sustained activation of the pathway. We also observed increased phosphorylation of IKKa occurring at 20-40 min in the Akr1c13 À/À cells. Thus, the augmentation of NF-kB signaling in the absence of RECON appears to occur at two points: at the level of phospho-IKKa, which would result in increased initiation of the signaling cascade; and phosphop65, which would result in increased p65 nuclear translocation and DNA binding activity.
Loss of RECON's Enzymatic Activity Promotes Inflammation
To segregate the role of RECON's enzyme activity from its effects as a nucleotide sink, we mutated the invariant H117 residue that functions as a general acid or base in a proton relay network during oxidative and reductive catalysis by AKRs (Di Costanzo et al., 2009) . The H117 residue is more than 5 Å away from c-di-AMP, and thus, it is unlikely that it would play an important role in c-di-AMP binding ( Figure 6A ). Accordingly, mutation of H117 to alanine (H117A mutant) abolished RECON's enzymatic activity while maintaining high affinity c-di-AMP binding ( 6B-6D). We stably expressed H117A or WT RECON in Akr1c13 À/À hepatocytes and determined that their in vivo c-di-AMP binding capacity was equivalent using a whole-cell lysate DRaCALA assay ( Figures 6E and 6F) . Complementation of the Akr1c13 À/À cells with WT RECON reversed the augmentation of NF-kB-driven luciferase activity following co-stimulation with Tri-DAP and Pam 3 CSK 4 , while complementation with the H117A mutant did not ( Figure 6G ). From these results, we can conclude that it is the loss of RECON enzyme activity that is driving increased NF-kB activation. These data support our hypothesis that the accumulation of a RECON substrate or substrates may be responsible for augmenting the activation of the NF-kB pathway.
RECON Alters Bacterial Virulence in Phagocytic and
Non-phagocytic Cells We tested whether modulation of RECON levels would influence bacterial virulence. We did not observe any difference in Lm bacterial growth in naive iBMDMs expressing different levels of RECON ( Figure S6A ). This was not entirely unexpected considering that neither loss of STING nor MyD88 affects Lm virulence in cell culture ( Figure S6B ) even though MyD88-deficient mice are highly susceptible to Lm infection (Edelson and Unanue, 2002) . However, we observed a significant increase in Lm intracellular replication in oe-Akr1c13 iBMDMs that were activated with IFN-g ( Figure 7A ). These data suggest that suppression of RECON drives a cell-intrinsic antibacterial state in activated iBMDMs. It has previously been reported that IFN-g-mediated inhibition of Lm growth and NO production in BMDMs is dependent on NOD1 (Mosa et al., 2009) , and earlier results showed a NOD1-specific synergy of c-di-AMP on NO production ( Figure 4F ). We performed similar experiments in WT or Akr1c13 À/À TIB73
hepatocytes, but we did not observe any difference in Lm intracellular growth ( Figure 7B ). In the host, Lm can multiply to high numbers in the liver; therefore, we reasoned that perhaps Lm has evolved mechanisms to counteract the effects of RECON suppression in this non-immune cell type. For example, Lm is resistant to the antimicrobial effects of nitric oxide (Cole et al., 2012; Shiloh et al., 1999) TIB73 hepatocytes significantly reduced the growth and infectivity of both Chlamydia spp ( Figure 7C ). This effect was complemented by re-introduction of WT, but not H117A, RECON in the Akr1c13 À/À cells. These data demonstrate that RECON's enzyme activity influences intracellular bacterial growth and highlights the importance of this cdN sensor in cell-intrinsic host responses.
DISCUSSION
Microbial nucleic acid recognition by host cell cytosolic PRRs is an important facet of innate immune responses. In this study, we characterized an oxidoreductase PRR that specifically detects canonical bacterial cdNs. Complementation studies presented here support a model whereby cdN binding modulates RECON enzymatic activity to shape downstream inflammation. These observations suggest the presence of an inflammatory mediator that is actively metabolized by RECON. The identity of the substrate or mechanism by which this mediator acts to modulate NF-kB activity remains to be revealed. AKR family proteins have been shown to metabolize nearly all biological lipophilic metabolites, including sterols, isoprenoids, retinoids, and eicosanoids, while many AKRs, RECON included, show promiscuous activity toward a variety of substrates. Thus, the integration of sensor function with enzyme activity may provide plasticity in the host response that is dependent upon the RECON substrates available within the cell or tissue type during infection. Studies to reveal the identity and individual effects of RECON substrates on specific cellular processes will likely expand the repertoire of immunomodulatory effects of this unique enzymatic PRR. STING has higher affinity for the non-canonical mammalianderived 2 0 3 0 -cGAMP than for bacterial cdNs (Zhang et al., 2013) . Interestingly, some human STING alleles have lost the ability to bind bacterial cdNs (Diner et al., 2013; Yi et al., 2013) , suggesting that this pathway may not be geared toward recognizing bacterial pathogens but rather toward DNA sensing of viruses. It is clear that STING-dependent induction of type I IFN elicits a robust antiviral response. However, the role of type I IFN in bacterial infection is variable, and in some cases detrimental, to host clearance of c-di-AMP-producing pathogens such as Lm, Mtb, and C. muridarum (reviewed in Monroe et al. [2010] ). We found that the binding of c-di-AMP by RECON dampens type I IFN induction during bacterial infection. Therefore, the inability of mammalian-derived 2 0 3 0 -cGAMP to bind RECON may maintain the cellular response geared toward type I IFN production during viral infection.
One immediate and important implication of this work is the interpretation of data relating to immune activation by c-di-AMP or bacteria that produce c-di-AMP in mouse models. Recent studies on Mtb have found that STING activation during infection of mouse BMDMs occurs mainly via 2 0 3 0 -cGAMP derived from cGAS, with minimal activation contributed by c-di-AMP (Dey et al., 2015; Watson et al., 2015) . This finding has raised questions as to whether c-di-AMP produced by Mtb has any role to play in infection. Given that these studies were performed in BMDMs, which express RECON, and that RECON binds c-di-AMP significantly tighter than STING, it is feasible that c-di-AMP is mediating responses independent of STING during infection with this pathogen, as we have found occurs for Lm. Future work to assess the effects of RECON targeting c-di-AMP during infection with Mtb, as well as the relative contribution of c-di-AMP or cGAS-derived 2 0 3 0 -cGAMP in activating STING in the absence of RECON, will help to shed some light on this active area of investigation.
Another important consideration relates to the translational capacity of Listeria and cdN immunomodulatory studies performed in mice. The intracellular niche and immunostimulatory activity of Lm have prompted the development of live, attenuated Lm vaccine vectors that retain the ability to enter the cytoplasm (Bruhn et al., 2007) . Similarly, the use of cdNs as adjuvants or in immunotherapeutic formulations has shown significant promise in the therapeutic protection against infectious and malignant disease ( Skrnjug et al., 2014) . Vaccine and immunotherapeutic formulations that contain c-di-AMP or 3 0 3 0 -cGAMP may elicit RECON-mediated responses that may shape the outcome and interpretation of these pre-clinical studies.
Analogous to what has been reported in other PRR families (i.e., Nod-like receptor family, apoptosis inhibitory proteins [NAIPs] ), mice encode an expanded number of AKR family members, specifically those in the AKR1C subfamily to which RECON belongs. Within this subfamily, mice encode eight AKRs, while humans encode four (https://www.med.upenn.edu/akr). There has been significant interest in the members of the AKR1C subfamily because they are implicated in the progression of several human cancers, including prostate and breast cancer (Penning and Byrns, 2009) . To determine whether any human AKR proteins bind c-di-AMP, we performed pull-downs using c-di-AMP sepharose and lysates from the human hepatoma cell line HepG2. The AKR family member AKR1C1 was reproducibly and statistically significantly enriched in c-di-AMP pull-downs over the control ( Figure S7A ). AKR1C1, also known as 20-alpha-hydroxysteroid dehydrogenase, is in the same subfamily as RECON and catalyzes the reaction of progesterone to the inactive form 20-alpha-hydroxyprogesterone. It has previously been shown to be important during pregnancy and in the development of some human cancers (Yun et al., 2015) . It has $70% identity with RECON, and similar to RECON, it is highly expressed in the liver, stomach, and small intestine. However, we were not able to confirm the pull-down results with recombinant AKR1C1, and further examination of the protein revealed that it did not exhibit any enzyme activity ( Figures S7B-S7D ). Previous work with other human AKRs showed recombinant proteins expressed in E. coli had up to 20-fold lower activity compared to native enzymes purified from human livers (Martin et al., 2006) . Furthermore, some AKR family members require post-translational modifications for their cellular activities (Shimizu et al., 2016) , so it possible that AKR1C1 expressed in E. coli lacked the necessary modifications for c-di-AMP binding.
We also stably overexpressed AKR1C1 in iBMDMs and observed a slight increase in c-di-AMP binding over sh-control iBMDMs; however, we observed no effect of AKR1C1 overexpression on Ifnb1 expression in response to c-di-AMP ( Figures  S7E-S7G ). It is possible that the level of AKR1C1 overexpression achieved in the iBMDMs was not enough to affect c-di-AMP intracellular pools, or the use of the reference AKR1C1 sequence (NCBI: NM_001353.5) may not resolve the potential role for isoforms or different AKR1C1 alleles that may be important for c-di-AMP binding. AKR1C1 is a complex locus with six transcript isoforms, evidence of exon skipping, over 300 single nucleotide polymorphisms, and varying 5 0 and 3 0 UTR lengths (GTExPortal). Further work will be necessary to determine if AKR1C1 does interact with bacterial cdNs and whether their interaction shapes the immune response in an orthologous way to RECON. Additionally, given that many AKR members are inducibly expressed and are found in cell types other than hepatocytes, it remains to be seen whether more mouse and human AKR family members are capable of interacting with bacterial cdNs.
In this study, we explored the effect of the oxidoreductase RECON during bacterial infection of macrophages and hepatocytes. RECON protein was abundantly isolated from mouse liver using c-di-AMP sepharose, and the liver (specifically hepatocytes) is a principal site for Lm replication following systemic dissemination (Cousens and Wing, 2000) . Previous work characterizing tissue-specific expression of RECON has shown that it is most highly expressed in the gastrointestinal tract and is almost exclusively restricted to this site and the liver (Vergnes et al., 2003 
EXPERIMENTAL PROCEDURES
Nucleotide-Binding and Enzyme Assays Differential radial capillary action of ligand assays (DRaCALAs) were performed with recombinant proteins or whole-cell lysates as described previously (Roelofs et al., 2011) . For competition assays, unlabeled nucleotides or cyclic dinucleotides were added prior to the addition of 32 P-c-di-AMP. To measure RECON enzyme activity, geraniol or 9,10-Phenanthrenequinone were supplied as substrates with NAD + or NADPH as cosubstrates, respectively (see Supplemental Experimental Procedures).
Tissue Culture, Infection, and Biological Assays TIB73 and ISRE-L929 cells were grown at 37 C in 5% CO2 in phenol red-free DMEM medium (GIBCO) with 10% heat-inactivated FBS (HyClone) and supplemented with 2 mM sodium pyruvate and 1 mM L-Glutamine (Thermo Fisher). J2 immortalized BMDMs (iBMDMs) and primary BMDMs were grown in the same media as above except with additional supplementation of 55 mM 2-mercaptoethanol and M-CSF harvested from L929 conditioned medium (final volume 10%). Primary BMDMs were generated as previously described (Jones and Portnoy, 1994) . Bone marrow from WT, Sting
À/À mice was generously provided by Daniel Stetson and Michael Gale, Jr. at the University of Washington. All protocols were reviewed and approved by the Institutional Animal Care and Use Committee at the University of Washington. WT 10403s Lm was used to infect iBMDMs as previously described (Sauer et al., 2010) with an MOI of 0.1. TIB73 cells were infected with an MOI of 0.001. For Chlamydia infections, C. pneumoniae TW73 and C. muridarum were infected onto TIB73 cells, and 24 hpi, an inclusion forming units (IFU) assay was performed (see Supplemental Experimental Procedures for full infection details). Cell-free supernatants were used to quantify nitrite levels using a colorimetric assay kit (Cayman Chemical) and IFN levels using a bioassay involving ISRE-L929 reporter cells. For full details regarding cdN and MAMP stimulation of iBMDM and primary BMDMs, see Supplemental Experimental Procedures. For NF-kB luciferase assays, TIB73 hepatocytes were co-transfected with pNiFty-Luc plasmid (InvivoGen) and eGFP plasmid (internal control) using TransIT-LT1 transfection reagent (Mirus Bio). Cells were stimulated 20 hr post-transfection. For NF-kB western blots, whole-cell lysates were transferred to nitrocellulose membranes and blocked and probed in 5% non-fat dry milk with NF-kB antibodies or b-actin (Cell Signaling NF-kB pathway kit #9936) (see Supplemental Experimental Procedures for full IFN bioassay, NF-kB luciferase assay, NF-kB p65 microscopy, and western details).
Generation of Cell Lines with Modified RECON Expression
Overexpression of RECON was achieved via retroviral transduction and lentivirus-transduced scrambled control and Akr1c13 RNAi (sh-Akr1c13) iBMDMs were generated using the pLKO.1 vector system (see Supplemental Experimental Procedures). Cas9 guide sequences specifically targeting Akr1c13 were determined using http://crispr.mit.edu/. TIB73 cells were transfected with pX330-U6-Chimeric_BB-CBh-hSpCas9 (a gift from Feng Zhang [Addgene: 42230] ) with Akr1c13 guide RNA sequences cloned in (see Supplemental Experimental Procedures and Figure S3 Real-time qPCR Assays and Inhibitors RNA was extracted with the RNAqueous Total RNA Isolation Kit, treated with DNase using the TURBO DNA-free Kit (Thermo Fisher) and reverse-transcribed with the iScript cDNA synthesis kit (Bio-Rad). A TaqMan Mouse Immune Panel (Thermo Fisher 4367786) was used for data presented in Figure 3C , and TaqMan real-time qPCR assays were used for quantification of mouse Akr1c13, Ccl5, Cxcl10, Cxcl11, Ifnb1, Il1b, Il6, Isg15, and Nos2 . Hprt served as an endogenous control. All real-time qPCR data are plotted as the mean ± SEM of technical duplicates or triplicates. Purified anti-mouse IFNAR-1 antibody (BioLegend) (1 mg/mL) was added to cells 1 hpi with Lm. NF-kB inhibitors Celastrol, BAY 11-7082, and MG-132 (InvivoGen) were added to cells for 1 hr prior to infection, maintained in the presence of the inhibitors during infection, and then again after bacteria were washed off out to 4 hpi. All inhibitors were reconstituted in DMSO, which by itself was used as a control treatment.
Statistical Analyses
Data were analyzed using Prism 6 software. Unpaired Student's t tests were used to determined significance of data, unless otherwise noted.
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